Introduction
The chemical modification of cotton cellulose, by introducing new functional groups or compounds, could be a way to improve dye fixation, water and soil-repellence, creaseresistance, handle, flame retardance and others. Hexokinase enzymes (EC 2.7.1.1.) catalyze phosphoryl transfer from adenosine-5 0 -triphosphate (ATP) [1] [2] [3] [4] to the 6-hydroxyl group of a number of furanose and pyranose compounds. [5] The ability of hexokinase to initiate the transfer of phosphate groups suggested the application of this enzyme to the functional modification of the C6-hydroxyl groups in cellulose. Chemical phosphorylation usually is a rather complicated process, requiring several protection and deprotection steps. [6, 7] Enzymatic phosphorylation can make the synthesis more efficient, eliminating many of these steps. The introduction of phosphate groups into cellulose will provide a polymer highly reactive toward various chemical compounds.
Experimental Part
Bleached, twill weave, 120 g Á m
À2
, 100% cotton fabric was used. The enzymatic phosphorylation of the samples was carried out at 30 8C in an Ahiba Spectradye-Datacolor dyeing apparatus with closed vessels, at 40 r.p.m. for 6 h, with 40 U Á mL À1 hexokinase (EC 2.7.1.1., Type IV: from baker's yeast, Sigma; one unit will phosphorylate 1 mmol of D-glucose per min at pH 7.6 at 25 8C) dissolved in 50 mmol potassium phosphate buffer (pH 7.6) and 50 mmol of a solution of ATP in deionized water, disodium salt (Sigma), using a liquor to fabric ratio of 20:1. Fabrics were first treated with the ATP solution for 15 min to ensure the impregnation of the textile material, and then the enzyme was added. After completing the process the enzymatically treated fabrics were washed under reflux to remove any residual protein.
Sigma procedure No. 345-UV for quantitative, ultraviolet, kinetic determination of glucose-6-phosphate dehydrogenase (G-6-PDH, EC 1.1.1.49) in blood at 340 nm, was adopted for the detection of glucose-6-phosphate (G-6-P) formed in the hexokinase phosphorylation reaction. G-6-PDH is an enzyme that catalyzes the first step in the pentose phosphate shunt, oxidizing glucose-6-phosphate to 6-phosphogluconate (6-PG) and reducing nicotinamide adenine dinucleotide phosphate (NADP) to NADPH, according to Equation (1):
NADP is reduced by G-6-PDH in the presence of G-6-P. The rate of formation of NADPH (measured spectrophotometrically following the increase in absorbance at 340 nm) is proportional to the G-6-PDH activity and thus to the Communication: Here we report for the first time on phosphorylation of cotton cellulose using baker's yeast hexokinase and phosphoryl donor adenosine-5 0 -triphosphate. An enzymatic assay was adopted for determination of the degree of phosphorylation of cellulose. This functional modification of cellulose resulted in improved colorability and flame resistance.
Phosphorylated glucopyranose unit of cellulose.
concentration of G-6-P. The assay mixture contains 1 mL NADP (1.5 mmol Á L À1 ) and 0.01 mL G-6-PDH (2 U Á mL À1 ; one unit will oxidize 1.0 mmol of D-glucose 6-phosphate to 6-phospho-D-gluconate per min in the presence of NADP at pH 7.4 at 25 8C). The solution was stored at room temperature (18-26 8C) for 5-10 min. Then 2.0 mL G-6-P (1.05 mmol Á L À1 ) were added and mixed gently. The absorbance of the sample (A) at 340 nm vs water was recorded as A i . The final absorbance (A f ) was recorded 5 min later. The G-6-PDH activity was defined as: DA Á min À1 ¼ (A i -A f )/5. The standard curve of G-6-PDH activity as a function of G-6-P concentration was set (Y ¼ 0.292 Â X, R 2 ¼ 0.981) so that the concentration of a sample containing unknown amounts of G-6-P could be calculated. Then 1 g sample of phosphorylated cotton fabric was completely hydrolyzed to the constituting glucose and presumably glucose-6-phosphate units with 0.91 g Á L À1 total crude cellulase Ecostone L (Röhm Enzyme, Finland), at 37 8C, pH 5, for 24 h. The solution was filtered through an Ultrafree-4 centrifugal filter unit for concentration and purification of biological samples (Millipore Corp.), in order to separate protein from sugars. The sample of G-6-P in the Sigma assay was replaced with equivalent amounts of enzymatically hydrolyzed, hexokinase-treated cellulose.
Results and Discussion
The spectrophotometrically detected activity of G-6-PDH toward the hydrolyzed cotton fabric treated with hexokinase is a clear evidence for the occurrence of enzymatic phosphorylation of cellulose. This enzymatic approach provides an alternative to the 31 P NMR or XPS techniques, since the degree of phosphorylation expected on the fabrics is rather low. The enzymatic procedure is reliable due to the high specificity of the enzyme toward the substrate under investigation. The concentration of G-6-P (0.01986 g Á L À1 ) in the hydrolyzed cellulose was calculated according to a calibration curve. This value corresponds to a phosphorylation of 0.03% of the glucopyranose units. Phosphorylation occurs on the primary alcohol groups of cellulose, which are best available for reaction. The secondary 3-OH group forms extra hydrogen bonds with the ring oxygen atom, and the chain is additionally coiled, protecting the 2-OH groups. The expected reaction mechanism is shown in Scheme 1. Conventional dyeing procedures [8] with basic, direct and reactive dyes resulted in an improvement of 10% in terms of dye fixation on hexokinase-treated cotton. The enzymatically phosphorylated fabrics showed nearly threefold retarded fire propagation [9] (1.1 cm 2 Á s À1 ), as compared to untreated cotton samples (3 cm 2 Á s À1 ), when exposed to flames.
Conclusions
This research reports on a new biosynthetic process for the phosphorylation of cotton cellulose with the enzyme hexokinase in the presence of phosphoryl donor ATP. The enzymatic procedure applied, originally developed for the determination of glucose-6-phosphate dehydrogenase, was sufficiently sensitive to detect the occurrence of phosphorylation, and represents an entirely innovative approach. Phosphorylation of 0.03% of the glucopyranose units in the cellulose provided a textile material with improved colorability and flame-resistance, which also might be used for a lot of chemical synthesis. 
